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Background: Nuclear and cytosolic poly(ADP-ribose) metabolism is established but debated in mitochondria.
Results:Novel mitochondrial and cytosolic poly(ADP-ribose) glycohydrolase splice variants are inactive for poly(ADP-ribose)
degradation.
Conclusion:Degradation ofmitochondrial matrix-accumulated poly(ADP-ribose) can be catalyzed only by ADP-ribosylhydro-
lase 3, whereas small poly(ADP-ribose) glycohydrolase isoforms may have functions different from poly(ADP-ribose)
degradation.
Significance: Important insights into the regulation of subcellular poly(ADP-ribose) metabolism are provided.

Important cellular processes are regulated by poly(ADP-ribo-
syl)ation. This protein modification is catalyzed mainly by
nuclear poly(ADP-ribose) polymerase (PARP) 1 in response to
DNA damage. Cytosolic PARP isoforms have been described,
whereas the presence of poly(ADP-ribose) (PAR)metabolism in
mitochondria is controversial. PAR is degraded by poly(ADP-
ribose) glycohydrolase (PARG). Recently, ADP-ribosylhydro-
lase 3 (ARH3) was also shown to catalyze PAR-degradation in
vitro. PARG is encoded by a single, essential gene. One nuclear
and three cytosolic isoforms result from alternative splicing.
The presence and origin of a mitochondrial PARG is still unre-
solved. We establish here the genetic background of a human
mitochondrial PARG isoform and investigate the molecular
basis for mitochondrial poly(ADP-ribose) degradation. In com-
mon with a cytosolic 60-kDa human PARG isoform, the mito-
chondrial protein did not catalyze PAR degradation because of
the absence of exon 5-encoded residues. Inmice, we identified a
transcript encoding an inactive cytosolic 52-kDa PARG lacking
the mitochondrial targeting sequence and a substantial portion
of exon 5. Thus, mammalian PARG genes encode isoforms that
do not catalyze PARdegradation.On the other hand, embryonic
fibroblasts from ARH3�/� mice lack most of the mitochondrial
PAR degrading activity detected in wild-type cells, demonstrat-
ing a potential involvement of ARH3 in PAR metabolism.

ADP-ribosylation is an NAD�-dependent protein modifica-
tion in which the ADP-ribosemoiety of NAD� is transferred to
a protein with release of nicotinamide. Mono- and poly(ADP-
ribosyl)ation reactions have been described (reviewed in Refs.
1–5). Mono-ADP-ribosyltransferases catalyze the transfer of a
single ADP-ribose (ADPR)3 moiety from NAD� onto acceptor
proteins. In poly(ADP-ribosyl)ation reactions, proteins are
modified by long, branched polymers composed of up to 200
ADP-ribose units (poly(ADP-ribose)) (PAR) (6). Poly(ADP-ri-
bosyl)ation is catalyzed by poly(ADP-ribose) polymerases
(PARPs), of which nuclear PARP1 is the most abundant and
best characterized protein. PARP1 is activated in response to
DNAsingle-strand breaks and regulates important cellular pro-
cesses such as DNA repair (7–9), transcription (4, 10, 11), and
maintenance of genomic stability. Strong activation of PARP1
in response to genotoxic stress is accompanied by depletion of
cellularNAD (12–15) and translocation of proapoptotic factors
from themitochondria to the nucleus, eventually leading to cell
death (16–18). In addition to PARP1, other nuclear and cyto-
solic PARP isoforms have been identified (19–23), and still
other genes have sequence similarity (5, 24) and await better
characterization.
Poly(ADP-ribosyl)ation is reversed by PAR-degrading

enzymes, which hydrolyze the polymers to ADPR. Poly(ADP-
ribose) glycohydrolase (PARG) was initially identified as PAR-
degrading enzyme (reviewed in Ref. 25). Subsequently, ADP-
ribosylhydrolase 3 (ARH3) was shown to degrade PAR in vitro
(26) and in cells (27), but its specific activity was significantly
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less than that of PARG (26). PARG is encoded by a single gene,
which is essential, because PARG�/�mice are embryonic lethal
(28). The human protein expressed from the full-length ORF,
PARG111, is found in the nucleus because of a nuclear localiza-
tion signal encoded by exon 1 (29). However, this isoform
accounts for only a minor fraction of the total cellular PARG
activity. In contrast to the nuclear localization of PARP1,
PARG can be detected primarily in the cytosol (30). Cytosolic
PARG activities were shown to be catalyzed by the PARG102
and PARG99 isoforms in humans. These isoforms result from
alternative splicing of the primary PARG transcript and are
translated from start codons in exons 2 and 3, respectively (29).
The finding that transgenic mice expressing a PARG gene lack-
ing exons 2 and 3 (PARG�exon2–3/�exon2–3) were viable (31) led
to the identification of a fourth splice variant of the primary
murine PARG transcript, where exon 1a is linked to exon 4,
thereby skipping exons 2 and 3 and parts of exon 1 (32). In the
human counterpart of this isoform, an additional splicing event
occurs that links exon 4 to exon 6 (32). The ORF of this human
transcript encodes a 60-kDa protein, PARG60 (Fig. 1A). It was
postulated that this transcript may encode another PARG iso-
form, PARG55, whichwould result from alternative translation
initiation from the second in-frameATG triplet. In the putative
PARG55, a canonical mitochondrial targeting sequence (MTS)
would constitute the N terminus and therefore mediate import
into the organelle (Ref. 32) and Fig. 1A). Both PARG60 and the
hypothetical PARG55 were reported to be associated with
mitochondria (32). The absence of the three large PARG iso-
forms in hypomorphic PARG�exon2–3/�exon2–3 mice suggests a
vital function of the small PARG isoforms that may have to be
carried out in mitochondria. Although several reports suggest
that PAR is present in mitochondria, neither a mitochondrial
PAR acceptor nor a mitochondrial PARP has been identified.
ARH3 is a member of the family of dinitrogenase reductase-

activating glycohydrolase-related proteins and shares only little

similarity with PARG in the catalytic domain sequence (26, 33).
The ORFs of the human and murine ARH3 transcripts are
encoded by six exons (Fig. 1B). The ARH3 primary structure
predicts a mitochondrial targeting sequence at the N terminus
of the protein (Fig. 1B). The protein was localized to this organ-
elle (27) but is also present in the nucleus (26, 27) and the cyto-
sol (26). ARH3 catalyzes hydrolysis of both PAR (26) and
O-acetyl-ADP-ribose (OAADPR) (34), a metabolite that results
from the activity of NAD�-dependent protein deacetylases of
the sirtuin family (35).
We have demonstrated recently that PAR is accumulated

within mitochondria upon targeted expression of the catalytic
domain of PARP1 (PARP1cd). These artificial polymers are
subject to turnover, indicating the presence of PAR-degrading
activity within mitochondria. Although the degradation of
matrix-accumulated PAR proceeded slowly, two different
enzymes were identified to potentially account for this activity
(27). One enzyme was ARH3, the second represented a hypo-
thetical human PARG isoform, PARG59, which is an N-termi-
nally truncated version of full-length PARG111. Translation of
PARG59 was initiated from an ATG triplet in exon 4 of the
humanPARG full-length cDNA, thereby constituting anN-ter-
minal MTS. However, the absence of exon 5 in the human
PARG60 mRNA indicated that PARG59, which contains exon
5-encoded amino acids, is not physiological. In the context of
this study, PARG59 is therefore termed PARG55(ex5) (Fig. 1A).
Moreover, there is no evidence that PARG55, which would
carry the sameMTS as PARG55(ex5), is indeed generated from
an alternative translational start codon. Consequently, the
existence of a mitochondrial matrix PARG isoform remains an
open question.
In this study, we identified the genetic background for

human PARG55 and established the protein as the only
intramitochondrial PARG isoform. We found that the lack of
amino acids encoded by exon 5 in both small human PARG
isoforms precluded their PAR-degrading activities. In mice, we
detected a novel, catalytically inactive cytosolic PARG isoform.
This study establishes ARH3 as the only enzyme that catalyzes
the degradation of matrix-accumulated PAR.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit polyclonal ARH3 antibody (HPA027141),
mouse (M2) and rabbit (SIG1–25) FLAG antibodies, mouse
�-tubulin antibody (2-28-33) and mouse �-tubulin antibody
(DM1A) were from Sigma-Aldrich. Rabbit (96-10�04) and
mouse (10H) PAR antibodies were from Enzo Life Sciences or
Abcam. Mouse myc antibody (9E10) was from Abcam. Mouse
GFP antibody (JL-8) was fromClontech. Rabbit polyclonal GFP
antibody was from Santa Cruz Biotechnology. Mouse GAPDH
antibody (6C5) was from HyTest. Fluorescence-conjugated
secondary antibodies (Alexa Fluor 594-conjugated goat anti-
rabbit and Alexa Fluor 647-conjugated goat anti-mouse) were
from Invitrogen. HRP goat anti-mouse antibody was from
Pierce.
Cell Culture—HeLaS3 cells were cultivated in Ham’s F-12

medium supplemented with 10% FCS, penicillin (10,000 units/
ml), and streptomycin (10 mg/ml). 293 (HEK-293) cells were
cultivated in high-glucose DMEM supplemented with 10%

FIGURE 1. Proposed origin and molecular architecture of small human
PARG isoforms. A, the PARG60 mRNA results from alternative splicing events
that link exon 1a with exon 4 and exon 4 with exons 6 –19 of the human PARG
gene. PARG55 was suggested to result from utilization of an alternative start
codon in exon 4. In humans, there is no genetic evidence for the existence of
PARG55(ex5) (also known as PARG59) containing exon 5-encoded amino
acids. B, the ARH3 mRNA encodes a protein with a predicted N-terminal mito-
chondrial targeting sequence.
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FCS, 2 mM L-glutamine, penicillin, and streptomycin. Cells
were incubated at 37 °C in a humidified atmosphere with 5%
CO2.Mouse embryonic fibroblasts (MEFs) were prepared from
embryonic day 14.5 embryos and incubated in high-glucose
DMEM supplemented with 10% FCS at 37 °C in a humidified
atmosphere with 5% CO2. Cells from passages 2 to 20 were
frozen in Cell Banker 2 (Wako Chemical) and stored at�80 °C.
For experiments, thawed cells were grown in high-glucose
DMEM supplemented with 10% FCS, penicillin, and strepto-
mycin at 37 °C in a humidified atmosphere with 5% CO2. To
establish stably transfectedMEFs, 1.0� 105 cells were cultured
on a 96-well plate for 2 days prior to transfection. Two days
post-transfection, G418 (1mg/ml) was added to themedium to
select and maintain stably transfected cells.
RT-PCR Analyses—Reverse transcription of total RNA, iso-

lated from HeLaS3, 293, HepG2, and SH-SY5Y cells as well as
brain tissue from BALB/c mice and 3T3 cells was performed
according to standard procedures. Isoform-specific cDNA
fragments of the individual 5� UTRs of the PARG55 and the
PARG60 transcripts were initially amplified from 293 cDNA
using primer pair 5�GCGGGAATTCCTTTCCGGTGGTG-
GGAAAGTG (exon-1/1a) and 5�CGCAGTTCGCTCAC-
CATTCC (exon 4/6) (Fig. 2A). Subsequently, detection of
PARG55 and PARG60 transcripts in cDNA preparations from
various human cell lines (supplemental Fig. 1B) and human
peripheral blood mononuclear cells4 (supplemental Fig. 1C)
was done using two exon 1/1a-specific forward primers
(5�AATTGCAGAAGCAGGCAGCGG and 5�ATGGTGCAG-
GCAGGCGCTGAG) in combination with an exon 6-specific
reverse primer (5�GTGCAGTCTGAATGAGCTCCC). Detec-
tion of ARH3 mRNA was done using primer pair 5�CATG-
GAGGAGCGTCCATACT (exon 5) and 5�GGGCCAGGAT-
GTCTGTCTC (exon 6).
Isoform-specific cDNA fragments of the individual 5� UTRs

of the murine PARG transcripts were amplified using primer
pair 5�GGGAAAGTGAGCCTGGAGCC (exon 1/1a) and
5�GTGGCATATTCTAAGAAATGGG (exon 7) in primary
PCR reactions and primer pair 5�ATCTCGAGCCGAGTG-
GAAGC (exon 1/1a) and 5�GGGAGCTCATTCAGACTG-
CAC (exon 6) in nested PCR reactions.
qRT-PCR Analyses—qRT-PCR analyses of cDNA from

HeLaS3, 293, HepG2, and SH-SY5Y cells were done using Uni-
versal ProbeLibrary (UPL, Roche) hydrolysis probes on a Light-
Cycler 480 instrument (Roche). Actin � mRNA was detected
using UPL probe 64 with primers 5�CCAACCGCGAGAAG-
ATGA and 5�CCAGAGGCGTACAGGGATAG. Total PARG
mRNAwas detected using UPL probe 45 with primers 5�TCA-
GAGAATCTTTCTGCAGTGG and 5�CAGCAGCTGCCAA-
TATCTGTAT. Human PARG55 and PARG60 mRNAs were
detected using UPL probe 34 with primers 5�GGAGATGAG-
AAGAATGCCTC and 5�CAGTTCGCTCACCATTCCA.
Human ARH3 mRNA was detected using UPL probe 50 with
primers 5�GACGTCAGTCCTGCGTCAT and 5�TCATCT-

GTGTAGTACAAGGCTTCTG. Relative expression was
calculated using the ��Ct method.
qRT-PCR analyses of cDNA preparations from stably trans-

fected MEFs expressing shRNAs were done using a Taqman
expression assay with a 7900HT fast real-time PCR system.
PARG mRNA levels were normalized to GAPDH mRNA. Pre-
designed 6-carboxyfluorescein-labeled probes and primers to
detect PARG and GAPDH mRNAs were purchased from ABI.
PARG-specific primers recognized exons 6–7.
Vector Construction—Aeukaryotic expression vector encod-

ing C-terminally FLAG-tagged PARG55(ex5) was described in
(27). TheORFs encoding PARG55 and PARG60were amplified
from HeLaS3 cDNA using forward primers 5�GCGGGAATT-
CCACCATGAGAAGAATGCCTCGGTG (for PARG55) and
5�GCGGGAATTCCACCATGGTGCAGGCAGGCGCTGAG
(for PARG60) along with reverse primer 5�GCGGGTCGACG-
GTCCCTGTCCTTTGCCCTG and ligated into pCMV-
FLAG5a (Sigma) via the EcoRI and SalI sites. The 5� UTRs spe-
cific for PARG55 and PARG60 were introduced into these
vectors by a PCR-based approach. Mutation of the start codon
of the ORF encoding PARG60 in the context of its endogenous
ORF was done by PCR-based site-directed mutagenesis.
For expression of PARG-PARP1cd fusion proteins, ORFs

encoding PARG55, PARG55(ex5), and PARG60were amplified
using forward primers 5�GCGGGCTAGCCCACCATGAGA-
AGAATGCCTC (for PARG55 and PARG56(ex5)) or 5�GCGG-
GCTAGCCCACCATGGTGCAGGCAGGCGC (for PARG60)
along with reverse primer 5�GCGGGAATTCGGTCCCTGTC-
CTTTGCCCTG. The PCR products were ligated into the NheI
andEcoRI sites of a vector harboring the sequence encoding the
catalytic domain of PARP1 (36). Preparation of vectors coding
for PARP1cd fusion constructs with glutamate dehydrogenase
(GDH) and GDH�1–53 was described previously (36). To gen-
erate vectors encoding MTS-PARG55, MTS-PARG55(ex5),
and MTS-PARG60, we modified the vector pCMV/myc/mito
(Invitrogen) by inserting a DNA sequence coding for the FLAG
epitope to yield pCMV/FLAG/mito. Next, the ORFs encoding
PARG55, PARG55(ex5), andPARG60were ligated into pCMV/
FLAG/mito via the SalI and XhoI sites. Exon 5 in MTS-
PARG60(ex5) was introduced into the vector encoding MTS-
PARG60 by a PCR-based approach.
Vectors encoding shRNAalongwith nuclear EGFPwere gen-

erated from pCMV/myc/nuc/GFP (Invitrogen). The GFP-ORF
was replaced by that of EGFP. Subsequently, a gene cassette
allowing for expression of shRNAunder control of theH1 RNA
promoter (37) was introduced into the DraIII site of the vector.
The PARG-specific shRNA sequence was derived from a
reported short interfering RNA (38). Vectors encoding an irrel-
evant shRNA and harboring only the H1 RNA promoter were
used as controls.
Transfection and Immunoblot Analysis—293 and HeLaS3

cells were transfected using Effectene reagent (Qiagen). After
24 h, cells were washed and lysed by adding SDS sample buffer.
Cell lysates were subjected to SDS-PAGE in 6 and 10% gels
prior to transfer to nitrocellulose membranes. MEFs were
transfected with Lipofectamine 2000 reagent (Invitrogen).
After 2 days, cell lysates were prepared with radioimmune pre-
cipitation assay buffer (Sigma-Aldrich) supplemented with

4 Human peripheral blood mononuclear cells were kindly provided by Dr.
Silke Appel, University of Bergen. The use of human samples was approved
by the Ethical Committee of the University in Bergen, Norway (242.06).
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complete protease inhibitor mixture (Roche) for detection of
ARH3 and with 2% SDS in 20 mM Tris-HCl (pH 7.4) for detec-
tion of PAR, respectively. For ARH3 detection, cell lysates were
subjected to SDS-PAGE in 10% gels prior to transfer to nitro-
cellulose membranes. For PAR detection, cell lysates were sub-
jected to SDS-PAGE in 3–8% gradient gels prior to transfer to
nitrocellulose membranes. Protein detection was done by
enhanced chemiluminescence.
Immunocytochemistry and Confocal Laser Scanning Mi-

croscopy—Transfected HeLaS3 cells were fixed after 24 h and
MEFs after 2 days with ice-cold 4% (v/v) formaldehyde in
PBS for 20–30 min and subsequently permeabilized with
0.5% (v/v) Triton X-100 in PBS for 15 min. After blocking for
1 h at room temperature and incubation with primary anti-
bodies for 3 h at room temperature or overnight at 4 °C, cells
were washed twice with PBS and once with 0.1% (v/v) Triton
X-100 in PBS prior to adding secondary antibodies. Follow-
ing 1-h incubation at room temperature, nuclei were stained
with DAPI, and the cells were subjected to confocal laser
scanning microscopy.
Images from HeLaS3 cells were taken using the 405-, 488-,

594-, and 633-nm laser lines of a Leica TCS SP2 confocal laser
scanning microscope (Leica Microsystems) equipped with a
�63 oil immersion objective (numerical aperture, 1.40). Images
from MEFs were taken using the 405-, 488-, and 594-nm laser
lines of a Zeiss LSM 510 Meta confocal laser scanning micro-
scope (Carl Zeiss, Inc.) equipped with a �40 oil immersion
objective (numerical aperture, 1.3). Fluorescence data were
processedwith ImageJ 1.37a (National Institutes of Health) and
calculated as a ratio of PAR to EGFP.
Statistical Analysis—Statistical analysis was performed using

GraphPad Prism 4 (GraphPad Software, Inc., La Jolla, CA). Sig-
nificance was determined using Student’s t test and one-way or
two-way analysis of variance with Bonferroni post-hoc test.
Values are means � S.E. p values � 0.05 were considered
significant.

RESULTS

Human PARG55 Originates from Alternative Splicing of the
Primary PARG Transcript—We first addressed the question of
the existence and origin of human PARG55. Amplification of
cDNA from human 293 cells using primers that bind to the 5�
end and the transition of exon 4 and exon 6 of the PARG60
mRNA (indicated by arrows in Fig. 2A) resulted in a �400 bp
DNA fragment and an additional shorter DNA fragment (A).
The longer fragment resulted from the known splicing events
leading to PARG60mRNA.The shorterDNA fragment derived
from linkage of exon 1a via its known splice donor site to an
alternative splice acceptor site in exon 4, downstream of that
used for splicing of the PARG60 mRNA (Fig. 2, B and C). As a
result, the reading frame that starts from the ATG triplet in
exon 1a that is used to initiate translation of PARG60 is inter-
rupted. TheORF starts at the ATG in exon 4 that is followed by
the mitochondrial targeting sequence and encodes PARG55
(Fig. 2, C and D). Both exon 1a and the sequence of exon 4
upstream of the ATG constitute the 5� UTR.
To investigate whether PARG55 may also result from the

PARG60 mRNA, we generated vectors encoding C-terminally

FLAG-tagged PARG55 and PARG60, including their endoge-
nous 5� UTRs (Fig. 2E). For PARG60, an additional vector was
generated harboring the endogenous 5� UTR along with a
mutated (ATG 	 
 AAG) start codon (Fig. 2E). Expression of
the PARG60ORF in the presence of its 5�UTR led to expression
of a single 60-kDa protein (Fig. 2E, lane 3). No additional band
was detected that might have been derived from bypassing the
first ATG of the PARG60 ORF. Moreover, no protein was
detected when the start codon was mutated (Fig. 2E, lane 4).
Importantly, expression of the PARG55 ORF in the context of
the newly identified 5�UTR led to detection of the same protein
that was expressed from the PARG55 ORF (Fig. 2E, lanes 1 and
5). Taken together, the data shown in Fig. 2 demonstrate the
existence of a human PARG55 isoform that exclusively results
from a hitherto unrecognized splicing event.
We verified the presence of the PARG55, PARG60, and

ARH3 transcripts in other cells. For the small PARG isoforms,
we additionally included cDNA from human peripheral blood
mononuclear cells in our studies. Primers that allow for coam-
plification of the PARG55 and PARG60 mRNAs as well as
primers specific for the ARH3 transcript were used. DNA frag-
ments that derived from these three transcripts could be ampli-
fied from cDNA from 293, HepG2, SH-SY5Y, and HeLaS3 cells
(supplemental Fig. 1, A and B). Importantly, our RT-PCR anal-
yses confirmed the splicing event leading to the PARG55 tran-
script in human peripheral blood mononuclear cells (indicated
by black arrows in supplemental Fig. 1C). The nucleotide
sequences of selected PARG55-specific PCR products were
confirmed by DNA sequence analysis (asterisks in supplemen-
tal Fig. 1, B and C).
Next, we determined the relative transcript levels of the

mRNAs for PARG55 and PARG60 by qRT-PCR and compared
themwith the expression levels of all known PARG isoforms in
four human cell lines. The PARG55- and PARG60-specific
mRNAs accounted in total for 15–18% of all known PARG
mRNAs (supplemental Fig. 1D). Interestingly, in all cell lines,
the expression levels of the ARH3 mRNA were up to 4-fold
higher than the total PARG mRNA levels. (supplemental Fig.
1D).
Human PARG55 but Not PARG60 Localizes to theMitochon-

drialMatrix—We then subjected the human isoformsPARG55
and PARG60 to in-depth subcellular localization analyses. To
establish whether PARG55 and, possibly, a fraction of PARG60
are located in the mitochondrial matrix, we subjected them to
poly(ADP-ribose)-assisted localization assay analysis. This
assay conclusively establishesmatrix localization (36). The pro-
tein of interest is fused to the PARP1cd. Although the targeting
of the fusion protein is fully dependent on the protein, whose
localization is the subject of investigation, the activity of the
PARP1cd is used to monitor the localization of the protein of
interest by using the product of its activity, PAR, as readout. In
the context of this study, immunodetection of PAR is possible if
the PARP1cd is directed to the mitochondrial matrix, whereas
PAR formation cannot be observed when the PARP1cd is pres-
entwithin the cytosol (36).HumanPARG55 andPARG60 fused
to the N terminus of PARP1cd (PARG55-PARP1cd and
PARG60-PARP1cd) were expressed in HeLaS3 cells. As a pos-
itive control for matrix localization, we used GDH as well as
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PARG55(ex5) in fusion with PARP1cd. GDH-PARP1cd lacking
the endogenousMTS encoded by amino acids 1–53 (GDH�1–
53-PARP1cd) served as a negative control. Fusion of the PARG
isoforms to PARP1cd did not change the cellular distribution
(as detected by the myc-epitope in Fig. 3) that was observed for
the C-terminally FLAG-tagged PARG isoforms (supplemental
Fig. 2). Both FLAG-tagged PARG55 and PARG55(ex5) colocal-
ized with mitochondrially targeted EGFP, whereas PARG60
showed the same distribution as the cytosolic portion of
untargeted EGFP (supplemental Fig. 2). For the PARP1cd
fusion constructs, PAR was detected in cells expressing
PARG55-PARP1cd, GDH-PARP1cd, and PARG55(ex5)-
PARP1cd, demonstrating their matrix localization (Fig. 3).
No polymer formation could be detected upon expression of
PARG60-PARP1cd and GDH�1–53-PARP1cd. PARG60 is
absent from themitochondrial matrix (Fig. 3). It is important
to note that accumulation of immunodetectable PAR in
mitochondria is prevented when PARG55(ex5) is coex-
pressed in cells along with mitoPARP1cd (Ref. 27) and this
study). That is, in accordance with the reported catalytic
inactivity of PARG in PARG-GFP fusion proteins (39), C-ter-
minal fusion of PARP1cd to hPARG55(ex5) also disrupted
the catalytic activity of the PARG portion within the
hPARG55(ex5)-PARP1cd construct.
Human PARG55 Does Not Degrade Matrix-accumulated

PAR—Next, we investigated the PAR-degrading activities of
the small human PARG isoforms on PAR accumulated in the
mitochondrial matrix. We expressed a fusion construct com-
posed of enhanced green fluorescent protein and the catalytic
domain of PARP1 targeted to the mitochondrial matrix
(referred to as mitoPARP1cd) along with C-terminally FLAG-
tagged PARG55, PARG60, and PARG55(ex5). Transfected
cells, identified by FLAG immunocytochemistry and the
green fluorescence of mitoPARP1cd, were analyzed for
mitochondrial PAR. As shown in Fig. 4, A and B, cells
expressing mitoPARP1cd in the absence of an overexpressed
PARG isoform displayed robust PAR formation within mito-
chondria. The PAR immunoreactivity increased with the
EGFP fluorescence intensity, reflecting the expression level
of mitoPARP1cd (shown forMEFs in supplemental Fig. 3). In
presence of PARG55(ex5), mitochondrial PAR was strongly
reduced (Fig. 4A), as expected (27). The expression of human
PARG60 did not change the amount of polymers generated
by mitoPARP1cd (Fig. 4A), which is in accordance with the
cytosolic localization of this isoform (Fig. 3 and supplemen-
tal Fig. 2). Surprisingly, we still observed accumulation of

PAR within mitochondria in the presence of the matrix-lo-
calized isoform PARG55 (Fig. 4A). That is, in contrast to
PARG55(ex5), PARG55 appears to be inactive for PAR
degradation.
Both Small HumanPARG IsoformsAre Catalytically Inactive

because of the Absence of Exon 5-encoded Amino Acids—Be-
sides PARG55, PARG60 also lacks exon 5-encoded amino
acids. The absence of these amino acids may impair the PAR-
degrading capacity of this isoform, as observed for PARG55.On
the other hand, the additional N-terminal residues in PARG60
may restore its catalytic function. To address these questions,
we forced PARG60 into themitochondrial matrix by fusion of a
bona fideMTS to the N terminus (MTS-PARG60). To control
for the possibility that this modification affects the ability of
PARG55 and PARG55(ex5) to degrade matrix-accumulated
PAR, the same MTS was N-terminally fused to these isoforms.
Mitochondrial localization of the proteins was confirmed in
cells that coexpressed mitochondrial EGFP (supplemental
Fig. 4). The MTS-PARG isoforms were coexpressed with
mitoPARP1cd and cells analyzed for PAR. Fusion of theMTS to
PARG55(ex5) resulted in a strong decrease in matrix-accumu-
lated PAR (Fig. 4B). In contrast,mitochondrial PARwas detect-
able after expression of both MTS-PARG55 and MTS-
PARG60, along with mitoPARP1cd (Fig. 4B). Thus, the lack of
the amino acids encoded by exon 5 also abolishes the PAR-
degrading activity of PARG60. We reintroduced exon 5 in the
ORF ofMTS-PARG60 to determine whether this could restore
the PAR-degrading activity of the resulting isoform, MTS-
PARG60(ex5). Indeed, coexpression of MTS-PARG60(ex5)
and mitoPARP1cd caused a strong decrease in PAR immuno-
reactivity of transfected cells (Fig. 4B). Thus, absence of exon
5-encoded amino acids dramatically impairs the catalytic activ-
ity of both physiological small PARG isoforms. These findings
were further substantiated by calculating the ratios of PAR and
EGFP signal intensities of fluorescence micrographs (supple-
mental Fig. 5A) and PAR immunoblot analysis of lysates from
cells coexpressing mitoPARP1cd along with PARG55,
PARG55(ex5), MTS-PARG60, and MTS-PARG60(ex5) (sup-
plemental Fig. 5B). Although expressed at far lower levels,
PARG55(ex5) and MTS-PARG60(ex5) caused a noticeable
reduction of matrix-accumulated PAR compared with their
corresponding counterparts lacking exon 5-encoded residues
(supplemental Fig. 5B). Our data suggest that the human PARG
gene encodes cytosolic andmitochondrial isoforms that do not
have PAR-degrading activity.

FIGURE 2. Human PARG55 originates from an alternatively spliced PARG mRNA. A, PCR analysis with primers that bind to the 5� end and to the transition
of exons 4 and 6 of the PARG cDNA (left panel). Fragments amplified from 293 cDNA were separated in a 2.5% ethidium bromide-stained agarose gel (center
panel). Two specific DNA fragments were amplified (lane 1). The major band (406 bp) corresponded to PARG60 mRNA. The lower band (arrow) was reamplified
(right panel, lane 2). Sequence analysis revealed a novel splicing event between exons 1a and 4. The size of selected marker bands (M) is indicated. B, overview
of alternative splicing events leading to the generation of PARG55 and PARG60 mRNAs. Exon 1a is linked via a common splice donor (SD) site with two
alternative splice acceptor (SA) sites in exon 4. Common SD and SA sites in exons 4 and 6 lead to skipping of exon 5. C, the PARG60 ORF starts in exon 1a. For
PARG55, the use of an alternative SA site in exon 4 results in the generation of a stop codon (TAA, underlined), thereby converting the upstream region (exon
1a and part of exon 4) into the 5� UTR. D, 5� mRNA and N-terminal amino acid sequences of PARG60 and PARG55. Translational start of PARG60 in exon 1a masks
the MTS that follows 52 amino acid residues downstream of the start codon. In contrast, translation of PARG55 starts in exon 4 at the ATG of the MTS. E, the ORFs
of PARG55 and PARG60 were expressed as C-terminally FLAG-tagged proteins in 293 cells in the absence (lanes 1 and 2) or presence (lanes 3 and 5) of their
endogenous 5� UTRs. Expression of PARG60 in the context of its endogenous 5� UTR (lane 3) did not lead to detection of an additional band resulting from an
alternative translation site. No protein was detected upon expression of PARG60 in the context of its endogenous 5� UTR harboring a mutated start codon in
exon 1a (lane 4). Lysates from untransfected cells (lane 7) and cells transfected with the vector backbone (lane 6) were used as control. GAPDH was used as a
loading control.
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The Murine PARG Gene Encodes a Catalytically Inactive
Cytosolic PARG Isoform—In mice, the reported counterpart of
PARG60 contains exon 5. Nevertheless, a similar splicing event
that leads to the PARG55mRNA in humans could also occur in
mice. We conducted RT-PCR analyses using cDNA from
mouse 3T3 fibroblasts (Fig. 5A) and brain (B) as templates. Pri-
mary PCR reactions performed in presence of primers that bind
to the 5�-UTR and exon 7 (present in all known murine PARG
mRNAs) did not lead to the amplification of specific cDNA

fragments of any known PARG isoform (lane 1 in Fig. 5A and
5B). Secondary, nested PCR reactions using primers specific for
exon 1/1a and exon 6 resulted in specific PARG cDNA frag-
ments (asterisks in Fig. 5, A and B). These fragments originated
from fusion of exon 1a and exon 5 (for cDNA from3T3 cells and
brain) or of exon 1a, exon 2, and exon5 (for 3T3 cells only). Both
splicing events predict the existence of a murine 52-kDa PARG
isoform (mPARG52) whose translation is initiated from a start
codon in exon 5 (Fig. 5C). This isoform lacks a substantial por-

FIGURE 3. Human PARG55 localizes to the mitochondrial matrix as revealed by poly(ADP-ribose)-assisted protein localization assay. The PARP1cd
along with a myc epitope were fused to the C terminus of PARG55, PARG55(ex5), and PARG60. The fusion proteins were expressed in HeLaS3 cells and detected
by myc immunocytochemistry. PAR immunodetection was used as readout for matrix localization of the fusion proteins. Fusion proteins composed of
GDH-PARP1cd-myc and GDH�1–53-PARP1cd-myc (lacking the N-terminal MTS) were used as controls. Scale bars 	 20 �m.
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tion of exon 5-encoded residues, and the MTS is completely
absent. Indeed, recombinantmPARG52 localized in the cytosol
of HeLaS3 cells (Fig. 5D). Because the primer combinations
used in our analyses should also enable the amplification of
cDNA sequences of the longermurine PARGmRNAs, we scru-
tinized the specificity of the reaction conditions. Indeed, by
extending the elongation time, the same RT-PCRs led to the
amplification of the cDNA sequences of mPARG101 and

mPARG110 (supplemental Fig. 6). We could not detect any
cDNA sequence compatible with the reported isoform
mPARG63 as well as mPARG58, the putative murine counter-
part of human PARG55.
ARH3 Knockout Results in Significantly Reduced Turnover of

Matrix-accumulated PAR—These genetic and functional
data suggested that degradation of matrix-accumulated PAR
does not involve a physiological PARG isoform but may be

FIGURE 4. Lack of PAR-degrading activity of human PARG55 and PARG60 is due to the absence of exon 5-encoded amino acids. The catalytic domain of
PARP1 expressed in fusion with EGFP (mitoPARP1cd) was targeted to the mitochondrial matrix and coexpressed with C-terminally FLAG-tagged PARG con-
structs. PARG expression was detected by FLAG immunocytochemistry. Cotransfection of vectors encoding mitoPARP1cd and the empty vector served as
controls. MitoPARP1cd expression was visualized by its green fluorescence. Ratio images were created by dividing PAR images (red) by EGFP images (green) and
color-coded using the indicated scale. A, matrix-accumulated PAR was almost absent only in cells coexpressing mitoPARP1cd and PARG55(ex5). B,
mitoPARP1cd was coexpressed with C-terminally FLAG-tagged MTS-PARG55, MTS-PARG55(ex5), MTS-PARG60, and MTS-PARG60(ex5) (endowed with an
authentic N-terminal MTS). Matrix-accumulated PAR was almost absent in the presence of PARG isoforms harboring the amino acids encoded by exon 5
(MTS-PARG55(ex5) and MTS-PARG60(ex5)). Scale bars 	 20 �m. Degradation of matrix-accumulated PAR by ARH3 was shown in Ref. 27.

FIGURE 5. The murine PARG gene encodes a cytosolic 52-kDa PARG isoform. RT-PCR analyses of cDNA preparations from 3T3 cells (A) and brain tissue (B).
Primary PCRs were performed using primers binding to exon 1/1a and exon 7 (lanes 1 in A and B), and secondary PCRs were done with nested primers annealing
to exon 1/1a and exon 6 (lanes 2 in A and B). PCR products are indicated by asterisks derived from mPARG transcripts. An additional prominent PCR product
(crossed out (x) in lane 2 of A) did not contain any mPARG-specific DNA sequence. C, DNA sequence analyses of the PCR products shown in A and B revealed
alternative splicing of the primary murine PARG transcript via established splice acceptor and donor sites in exon 1a and exon 5 (for brain tissue and 3T3 cells)
as well as in exon 1a, exon 2, and exon 5 (for 3T3 cells). Both splicing events predicted a 52-kDa mPARG isoform. Translation is initiated from a start codon in exon
5. D, overexpressed C-terminally FLAG-tagged mPARG52 was detected in the cytosol and did not colocalize with mitochondrial structures (as detected by
coexpressed mitochondrial EGFP).
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primarily borne by ARH3. To address this hypothesis, we
made use of MEFs from ARH3�/� mice. Immunoblot analy-
ses of MEF lysates confirmed the absence of the ARH3 pro-
tein in ARH3�/� mice (supplemental Fig. 7). We compared
mitoPARP1cd-mediated PAR accumulation in wild-type
and ARH3�/� MEFs. Expression of mitoPARP1cd in
ARH3�/� cells resulted in a significantly increased mito-
chondrial PAR accumulation, as revealed by PAR immuno-
cytochemistry (Fig. 6, A and B) and PAR immunoblot anal-
ysis of cell lysates (C). Further, the polymers were longer in
the ARH3-deficient cells.
We then investigated whether the difference between wild-

type and ARH3�/� cells in the capacity to accumulate mito-
chondrial PAR could be attributed to differences in PAR-de-

grading activities. The PARP inhibitor PJ-34 was added to
mitoPARP1cd-expressing cells 24 h after transfection. Then,
the decay of mitochondrial PAR content was monitored over
time. The PAR/EGFP ratio of mitoPARP1cd-expressing cells
from wild-type mice was reduced by half after �12 h of incu-
bation with PJ-34 (Fig. 7,A andB). In contrast, PARP inhibition
did not alter the ratio of PAR and EGFP signal intensities in
mitoPARP1cd-expressing ARH3�/� cells (Fig. 7, C and D). In
the absence of PJ-34, both cell types showed an increase in PAR
intensity and PAR/EGFP ratio over time. Comparing the ratios
of PAR/EGFP obtained in the presence or absence of PJ-34, the
ratio of ARH3�/� cells was greater than that of wild-type cells
(Fig. 7E). A similar result was obtained by immunoblot analyses
(supplemental Fig. 8). These data indicate that degradation of

FIGURE 6. Expression of mitoPARP1cd in ARH3�/� cells leads to increased mitochondrial PAR accumulation. A, fluorescence micrographs of wild-type
and ARH3�/� MEFs expressing mitoPARPcd1. Cells were subjected to PAR immunocytochemistry 2 days post-transfection. Ratio images were created by
dividing PAR images (red) by EGFP images (green) and color-coded using the indicated scale. Scale bar 	 20 �m. B, quantification of fluorescent micrographs.
The bar charts show the average intensities of PAR and EGFP and the PAR/EGFP ratio in wild-type (white column) and ARH3�/�cells (black column). Data are
mean � S.E. *, p � 0.05; **, p � 0.01 (Student’s t test). Data are representative of three experiments. C, MEFs from wild-type (lanes 1–3) and ARH3�/� (lanes 4 – 6)
mice were transfected with mitoPARP1cd (lanes 3 and 6), mitochondrial EGFP (lanes 2 and 5) or left untransfected (lanes 1 and 4). Cell lysates were subjected to
PAR and EGFP immunoblot analyses. Data are representative of three experiments.
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mitochondrial PAR proceeds much more slowly in ARH3�/�

cells than in wild-type cells.
Degradation of Matrix-accumulated PAR Does Not Involve a

PARG Isoform—Finally, we tested whether, in addition to
ARH3, a putative murine mitochondrial PARG isoform con-
tributes to mitochondrial PAR degradation. To this end, we
down-regulated PARG expression levels in ARH3�/� cells by
stable transfection of a plasmid encoding shRNA specific for all
known mPARG transcripts. Expression of nuclear EGFP from
the same plasmid allowed for the selection and identification of
shRNA-positive cells. qRT-PCR analyses revealed down-regu-
lation of PARG gene expression by 35% in stably transfected
ARH3�/� cells (supplemental Fig. 9).We determined the EGFP
and PAR fluorescence intensities in the mitochondria of trans-
fected cells. As shown in Fig. 8, A and B, expression of
mitoPARP1cd in these cells did not affect the PAR/EGFP ratio,
indicating that the degradation of matrix-accumulated PAR is
not catalyzed by a PARG isoform.

DISCUSSION

This study establishes the genetic background of a human
mitochondrial PARG isoform, PARG55 (Fig. 2), and a cytosolic
murine PARG isoform, mPARG52 (Fig. 5), which result from
hitherto unrecognized alternative splicing events of the corre-
sponding primary PARG transcripts. The primary structures of
PARG55, PARG60, andmPARG52 contain the three acidic res-
idues that were reported previously to be essential for catalysis
(40), but they do not cleave PAR. The lack of their enzymatic
activity is due to the absence of amino acids encoded by exon 5,
which results from these splicing events. Consequently, even
though PARG55 localizes to the mitochondrial matrix, it can-
not contribute to a putative PARmetabolismwithin this organ-
elle. Rather, our experiments demonstrate that ARH3 accounts
for the residual PAR-degrading activity that is detectable in
mitochondria of PARG�exon2–3/�exon2–3 mice (31) and is
responsible for the degradation of matrix-accumulated PAR
(27).
Our observations thus significantly extend the current

knowledge on PAR metabolism and resolve issues that have
been controversial. First, human PARG55(ex5) does not repre-
sent a physiological isoform because it contains exon 5-en-
coded amino acids. In both human PARG60 (32) and human
PARG55 (this study, Fig. 2), exon 5 is removed from the primary
PARG transcript upon maturation of the corresponding
mRNAs. Second, for PARG60, association with mitochondria
was suggested on the basis of indirect immunocytochemistry
(32). However, the poly(ADP-ribose)-assisted protein localiza-
tion assay performedhere excludes PARG60 as amatrix protein
and confirms matrix localization of PARG55 (Fig. 3). Third, it
was postulated that PARG55 might result from alternative uti-
lization of the second in-frame ATG within the ORF of the

transcript encoding PARG60 (32). We excluded this possibility
because the second in-frameATGwithin the PARG60ORFwas
not recognized as initiation site, even in the context of the
endogenous 5� UTR and an ATG 	 
 AAG mutation of the
nucleotide triplet constituting the start codon in the PARG60
mRNA (Fig. 2E).

For a long time, small PARG proteins were thought to result
from proteolytic cleavage of the full-length protein. For
instance, PARG is subject to caspase 3-mediated cleavage dur-
ing apoptosis (41). Moreover, purification of PARG from tissue
or cells as well as Western blot analyses indicated the presence
of small PARG proteins (reviewed in Ref. 25). In fact, the first
full-length PARG cDNA encoding bovine PARG111 was iden-
tified using peptide sequences from a purified�60-kDa protein
(42). However, our data suggest that small PARG isoforms orig-
inate from posttranscriptional regulation. It cannot be
excluded that the primary PARG transcript may encode even
more, yet unidentified, PARG transcripts that have not been
detected by classical Northern blot analyses because of low
expression levels. In this regard, the data shown in Fig. 2A and
supplemental Fig. 1, B–D, indicate that PARG transcript levels,
in particular of PARG55, are very low. In addition to the iden-
tification of a splicing event leading to expression of PARG55,
we provide evidence for another alternatively spliced murine
PARG isoform, mPARG52, whose ORF starts in exon 5 (Fig. 5).
Interestingly, a splicing event between exon 1a and exon 5 has
already been reported in PARG�exon2–3/�exon2–3 mice (32) but
was not demonstrated in wild-type mice.
Both PARG55(ex5) and PARG55 were localized to the mito-

chondrial matrix as revealed by poly(ADP-ribose)-assisted
localization assay (Fig. 3). However, lack of exon 5 affected the
catalytic activity, not only of PARG55 but also of PARG60. In
our experimental system, PAR artificially accumulated within
mitochondria was only degraded by PARG55(ex5) or after rein-
troduction of exon 5-encoded amino acids into PARG60 that
was forced into the mitochondrial matrix. These findings
extend the critical role of amino acids within theMTS for catal-
ysis (43) by the adjacent amino acids encoded by exon 5. Amino
acid exchanges within theMTS affected the catalytic activity of
PARG55(ex5) as well as of N-terminally extended PARG vari-
ants (43). However, theMTS is part of the primary structures of
both PARG55 and PARG60, and deletion of the MTS caused
PARG55(ex5) to become inactive. Therefore, cleavage of the
MTS upon import of PARG55(ex5) into mitochondria is
unlikely because its catalytic activity is retained. In addition, it is
unlikely that PARG60 is subject to N-terminal processing. It
does not localize to mitochondria, and the amino acids consti-
tuting an MTS are masked by 52 N-terminal residues. Conse-
quently, loss of PAR-degrading activity of PARG55 and
PARG60 is due to the lack of amino acids encoded by exon 5.

FIGURE 7. Absence of ARH3 abolishes degradation of matrix-accumulated PAR. A and C, wild-type and ARH3�/� MEFs transiently expressing mitoPARP1cd
were incubated in the absence (left panels) or presence (right panels) of 5 �M PJ-34 for the indicated times and then subjected to PAR immunocytochemistry.
Upon PARP inhibition, the mitochondrial PAR content decreased over time in mitoPARP1cd-expressing wild-type MEFs but persisted in ARH3�/� MEFs. Scale
bar 	 20 �m. B and D, graphs summarize the time course of PAR signal and EGFP fluorescence intensities and PAR/EGFP signal ratio in the presence (●) and
absence (Œ) of 5 �M PJ-34 (n 	 17–50 cells for each time point). Data are representative of three experiments. E, summarized data of relative PAR/EGFP signal
ratios in wild-type (●) and ARH3�/� (Œ) cells. Values were calculated by dividing the PAR/EGFP signal ratio in the presence of PJ-34 by that in its absence.
Mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (two-way repeated measures analysis of variance with post hoc Bonferroni test).
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This conclusion is further substantiated by the identification of
a splicing event leading to the cytosolic murine PARG isoform
mPARG52 (Fig. 5). This isoform completely lacks exon 4 (and
thus, the MTS) as well as a substantial amount of exon 5-en-
coded amino acids, whose importance for efficient PAR-degra-
dation was demonstrated in this study. Indeed, lack of PAR-
degrading activity was shown for an N-terminally truncated
human PARG isoform that would reflect mPARG52 with
regard to translational initiation and exon composition (43).
Taken together, these findings suggest that the mammalian
PARG gene encodes cytosolic and mitochondrial isoforms that
do not display PAR-degrading activity. Interestingly, the cata-

lytic deficiency is on the basis of alterations of the primary
structure that are remote from the catalytic site of PARG
enzymes. Therefore, the loss of PAR-degrading activity may be
accompanied by changes of specificity that are not revealed by
PARG-specific enzyme assays.
The realization that PARG55 was catalytically inactive

necessitated the investigation of alternative activities that
would account for mitochondrial PAR degradation. Using cells
fromARH3�/� mice, we provide evidence that the degradation
of PAR artificially accumulated within mitochondria is primar-
ily mediated by ARH3. First, overexpression of mitoPARP1cd
in ARH3�/� cells resulted in a greater accumulation of mito-

FIGURE 8. Silencing of PARG gene expression does not affect PAR accumulation in mitochondria. A, mitoPARP1cd expression in the context of PARG
knockdown did not lead to increased PAR accumulation within mitochondria. Control ARH3�/� MEFs, ARH3�/� MEFs stably expressing PARG-specific shRNA,
irrelevant shRNA, or an empty vector were transfected with the mitoPARP1cd-encoding plasmid. Cells were subjected to PAR immunocytochemistry 2 days
post-transfection. Nuclear EGFP encoded by the shRNA vectors was used to identify shRNA-expressing cells. Ratio images were created by dividing PAR images
(red) by EGFP images (green) and color-coded using the indicated scale. Scale bar 	 20 �m. B, quantification of fluorescent micrographs. The average intensities
of PAR signal and EGFP fluorescence and the ratio of PAR/EGFP signal intensities in the ARH3�/� cells from A are shown. Data are mean � S.E. Data are
representative of three experiments.
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chondrial PAR than in wild-type cells. Second, there was no
significant decrease in mitochondrial PAR content upon
PARP inhibition in ARH3�/� cells expressing mitoPARP1cd
in contrast to wild-type MEFs. Third, no further increase
in mitochondrial PAR accumulation could be detected af-
ter additional down-regulation of PARG expression in
mitoPARP1cd-expressing ARH3�/� cells (Fig. 8). Our data
support a possible role of cytosolic and nuclear ARH3 in PAR
metabolism. That is, ARH3 may compensate to some extent
in PARG�exon2–3/�exon2–3 mice for the lack of nuclear
mPARG110 and possibly also for the lack of the cytosolic
isoforms mPARG101 and mPARG98. In addition, because
complete PARG knockout is lethal (28), our findings raise the
question whether the viability of PARG�exon2–3/�exon2–3mice
is due to a residual PAR-degrading activity of the small
PARG isoforms.
In summary, our results support the conclusion that both

ARH3 and PARGmay carry out dual functions within the cells
of higher eukaryotes. For ARH3, these functions include
hydrolysis of O-acetyl-ADP-ribose, which is generated by
NAD�-dependent protein deacetylases in the nucleus, the
cytosol, and mitochondria. Because of its capacity to hydrolyze
PAR, ARH3may assist PARG in degrading polymers generated
by nuclear and cytosolic PARP isoforms. In mitochondria,
ARH3 appears to be the only candidate enzyme responsible for
putative PAR degradation. The primary function of PARG is to
catalyze PAR degradation in the nucleus and cytosol, but
another hypothetical activity may be borne by the cytosolic and
mitochondrial isoforms that do not display PAR-degrading
activity.
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